Phylogeny of the genus Trichoderma based on sequence analysis of the internal transcribed spacer region 1 of the rDNA cluster. Fungal Genetics and Biology 24, 298-309. Sequences of the internal transcribed spacer region 1 (ITS1) of the ribosomal DNA were used to determine the phylogenetic relationships of species of Trichoderma sect. Pachybasium. To this end, 85 strains-including all the available ex-type strains-were analyzed. Parsimony analysis demonstrated that the section is nonmonophyletic, distributing the 85 strains among three main groups that were supported by bootstrap values. Group A comprises two clades (A1 and A2), with A1 including
gelatinosa. Sequence differences among clades A1, A2, and B were in the same order of magnitude as between each of them and T. longibrachiatum, which was used as an outgroup in these analyses. Sequence differences within clades A1, A2, and B were considerably smaller: in some cases (i.e., T. virens and T. flavofuscum; T. strictipile and H. cf. gelatinosa), the ITS1-sequences were identical, suggesting conspecifity. In other cases (e.g., T. crassum and T. longipile; T. harzianum, T. inhamatum, T. croceum, T. fertile, and H. semiorbis; T. hamatum and T. pubescens; and T. viride, T. atroviride, and T. koningii) differences were in the range of 1-3 nt only, suggesting a very close phylogenetic relationship. The sequence of a previously described aggressive mushroom competitor group of T. harzianum strains (Th2) was strikingly different from that of the ex-type strain of T. harzianum and closely related species and is likely to be a separate species. 1998 Academic Press Index Descriptors: Trichoderma; Hypocrea; internal transcribed spacer; ITS1.
tant for the degradation of xenobiotics in soil (Smith, 1995) . Taxonomy of Trichoderma is currently based largely on morphological characters (Rifai, 1969; Bissett, 1984 Bissett, , 1991a Bissett, -c, 1992 , such as conidial form, size, color and ornamentation, branching pattern and frequency of branching, and the formation of sterile or fertile hyphal elongations from conidiophores. However, most species descriptions are based on examination of a limited number of strains where the morphological differences are clear but these differences become less clear as more strains are studied. Moreover, there is evidence that morphologically defined taxa are polyphyletic (e.g., T. harzianum; Muthumeenakshi et al., 1994; Fujimori and Okuda, 1994; Zimand et al., 1994) . This result suggests that there are not enough morphological and cultural characters to reliably define species.
In recent years, molecular biological techniques have proven to be valuable tools in fungal taxonomy, and their application has led to the reconsideration of several genera (LoBuglio et al., 1993; Sheriff et al., 1994) . In Trichoderma, isoenzyme analysis (Stasz et al., 1989; Leuchtmann et al., 1996) , RFLP (Meyer, 1991; Meyer et al., 1992; Muthumeenakshi et al., 1994; Zimand et al., 1994; Arisan-Atac et al., 1995; Kuhls et al., 1995; Bowen et al., 1996; Turoczi et al., 1996) , and rDNA sequencing (Muthumeenakshi et al., 1994; Kuhls et al., 1996 Kuhls et al., , 1997 have been used to distinguish species within specific groups of strains that were defined either by common morphology or ecology. However, little use has been made of these techniques in the study of the phylogeny of the genus Trichoderma as a whole. These results demonstrated the utility of molecular techniques in indicating interrelations among species and, when combined with phenotypic characters, can lead to a sound taxonomy that is reflective of phylogenetic relationships. Recently rDNA was used in a comprehensive survey of two of the sections of the genus that were accepted by Bissett (1991a) , viz. sects. Longibrachiatum and Saturnisporum (Kuhls et al., 1996 Turner et al., 1997) . While these analyses largely confirmed the morphologically based species definitions accepted by Bissett (1984 Bissett ( , 1991a , the rDNA sequence information provided support for merging the two sections. Moreover, the expanded sect. Longibrachiatum included five Hypocrea species and that the sexual (Hypocrea) and asexual (Trichoderma) strains did not represent separate lineages but rather represented a single lineage within the ascomycete genus Hypocrea. Consequently, we refer to Trichoderma sect. Longibrachiatum as the Hypocrea schweinitzii complex (Samuels et al., 1998) .
The present paper continues our work with Trichoderma by using sequences of the ITS1 region of the rDNA gene in a study of Trichoderma sect. Pachybasium. Pachybasium Sacc. (1885) was originally described as a genus that was distinguished from Verticillium Nees mainly by the presence of sterile elongations on its conidiophores. Subsequent authors merged Pachybasium with Trichoderma, recognizing that the formation of sterile elongations is not constant even at the species level (see review in Rifai, 1969) . Rifai (1969) divided the Trichoderma species that form sterile elongations between the T. polysporum and T. hamatum Bon. aggregate species, the former characterized by hyaline (white in mass) conidia and the latter by green conidia. The T. piluliferum aggregate (Rifai, 1969) was characterized by having hyaline conidia and a botryose arrangement of plump phialides on a broad conidiophore, similar to the T. polysporum and T. hamatum aggregates, but lacking sterile elongations. Rifai noted a similarity of the T. piluliferum aggregate to Gliocladium virens (ϭ T. virens) . Bissett (1991c) united the T. polysporum, T. hamatum, and T. piluliferum, T. harzianum aggregates with T. virens and several newly described species in sect. Pachybasium. This section was characterized primarily by the production of broad conidiophores and plump phialides that are arranged in botryose or penicillate clusters. Conidiophores of several species produce sterile elongations and there is a tendency in the section for conidiophores to be united in discrete, compact pustules. As defined by Bissett (1991b) , sect. Pachybasium includes most of the known species of Trichoderma.
There are fundamental differences between the taxonomies proposed, respectively, by Rifai (1969) and Bissett (1984 Bissett ( , 1991a . Rifai accepted nine ''aggregate'' species in Trichoderma, each of which comprises more than one morphologically cryptic biological species, whereas Bissett defined several biological species within a context of sections of Trichoderma. There is merit to each system, but does either reflect the taxonomic diversity in Trichoderma? Given the large number of Hypocrea species that have been linked to Trichoderma species (Doi and Doi, 1979) , it is certain that the number of Trichoderma species is at least as great as the number of Hypocrea species. Rifai (1969) considered his system to be preliminary, and a way of grouping morphologically similar strains. Despite the artificiality of the approach, Rifai's system was immediately adopted and is still today the most generally used taxonomy of Trichoderma. Unfortunately, it can be argued that the users of the system have lost sight of its artificiality.
The increasing numbers of users of Trichoderma species in biological control and biotechnology applications, as well as the involvement of Trichoderma as agricultural pests, and in toxin production, and human disease has emphasized the need for a predictive taxonomy for the genus. Bissett's (1984 Bissett's ( , 1991a rearrangement of the genus was a response to the need to recognize biological species in Trichoderma. However, this system that is based on morphological characters is difficult to use because of the paucity of morphological characters and their seeming plasticity. It should be noted, however, that difficulty in using the system does not invalidate it, but it leaves the user wishing for corroboration of determinations. Isoenzymes and, especially, nucleic acids have proven to be a source of additional characters. The Hypocrea schweinitzii complex, with the inclusion of sect. Saturnisporum, was shown to be monophyletic and thus the morphological bases upon which individual species were defined are taxonomically predictive.
In this study of sect. Pachybasium we examine the extent to which phialide morphology and arrangement, conidial pigmentation, and the presence of elongations on the conidiophores are phylogenetically informative. A part of the rDNA region comprising the 5.8s rDNA and the two adjacent transcribed spacers was amplified from all strains and used to directly sequence ITS1 at both strands. This part of the rDNA cluster was chosen for this investigation because it has been previously proven to be more variable and informative with most species of Trichoderma sect. Longibrachiatum than ITS2 .
MATERIALS AND METHODS

Fungal Isolates
The isolates of Trichoderma spp. utilized in this study are given in Table 1 . Ex-type strains were obtained from at least two different sources. Three named species of Hypocrea-H. cf. gelatinosa, H. pilulifera, and H. semiorbis , the anamorphs of which have been included in section Pachybasium by Bissett (1991b) -were also included in this investigation, as was one unidentified species of Hypocrea.
DNA Extraction and Polymerase Reaction Amplification of Ribosomal RNA Regions
Whole-cell DNA was isolated from fresh mycelium as described previously (Turner et al., 1997) . A nuclear rDNA region, containing the internal transcribed spacer regions and the 5.8S rRNA gene were amplified by PCR using the primer combinations ITS1 and ITS4 in 100-µl vol (White et al., 1990) , using an automated temperature cycling device (Biotron, Biometra, Gö ttingen, FRG) and the following parameters: 2 min initial denaturation at 95°C, followed by 30 cycles of 1 min primer annealing at 50-55°C, 45 s extension at 72°C, 1 min denaturation at 95°C, and a final extension period of 10 min at 72°C. Four microliters from each PCR reaction were electrophoresed on 1.5% agarose minigels for 1 h in 1ϫ Tris-acetate buffer (Sambrook et al., 1989) . The PCR products were revealed under UV-light after staining in ethidium bromide (0.5 µg/ml) for 15 min.
DNA Sequencing
Template DNA (100 µl) was directly prepared from PCR-products by purifying it with a commercial kit (Cleanmix; Fa. Talent) and sequenced with the aid of a LI-COR 4000L automatic sequencing system (Middendorf et al., 1992) . Sequencing was carried out cycle sequencing (Robocycler 40; Stratagene) with the ThermoSequenase-kit (Amersham Life Science), using the primers described previously (Kuhls et al., 1996 . The sequences of isolates submitted to GenBank, as indicated in Table 1 , are the sequences used in all phylogenetic analyses.
Sequence Analysis
DNA sequences were aligned visually, based on the algorithm of Waterman (1986) . Single gaps were treated as a fifth nucleotide. All gap positions within the alignment exceeding a single base in length were replaced by question marks. Sequence insertions without homology to any of the other sequences were deleted in the alignment and a single base was left over causing a minimal gap. In this way gaps of all sizes were weighted equal corresponding to a hypothetical single event in evolution. In 28 positions the alignment was ambigous and these positions therefore omitted. Data were analyzed by the programs contained in the PHYLIP package (Felsenstein, 1991) . To find the most likely tree topology, phylogenetic trees were generated by parsimony and distance methods. The DNAPARS program was used to carry out unrooted parsimony analysis for investigating the tree topology. Support for the branches based on parsimony criteria were estimated by bootstrap analysis of 500 replicates generated with SEQBOOT. Each bootstrap replicate was analyzed by DNAPARS invoking the jumble option and a majority-rule consensus tree was generated by CONSENSE. The consensus of trees arising from phylogenetic analysis of a large number of bootstrap resampled data sets provides an indication of support for specific branches in the trees; this support is proportional to the fraction of resampled data sets supporting trees having the specific branch (Felsenstein, 1985) . Distance matrices were computed using DNADIST with the same alignment used for parsimony analysis. Distance is defined as the probability of nucleotide substitutions per site, based on the two-parameter model (Kimura 1980) . Topology and branch-lengths of phylogenetic trees were evaluated by the least-square method of Fitch and Margoliash (1967) from the distance matrices, using FITCH.
RESULTS
ITS1 was sequenced from all ex-type strains of Trichoderma section Pachybasium and Trichoderma section Trichoderma, and where ex-type strains were not available (i.e., T. viride 1 and 2, T. atroviride, T. koningii, and T. harzianum 2) isolates (or sequences) were used which have been reported as typical for this species (Meyer 1991; Muthumeenakshi et al., 1994; Kuhls et al., 1997) . Three named species of Hypocrea-H. cf. gelatinosa, H. pilulifera, and H. semiorbis were also included into this investigation as their anamorphs had been included in section Pachybasium by Bissett (1991b) . The ex-type strain of T. longibrachiatum was used as an outgroup because it has been shown to be a close relative of species in sections Trichoderma and Pachybasium . Most parts of the sequences could be safely aligned (182 of 210 positions), but three areas of major differences among the 27 species, due to nt-insertions or deletions, occured in the nt-positions 61-71, 125-139, and 160-174, respectively. These positions, and two nucleotides from a further one, were completely excluded from the phylogenetic analysis, as the alignment was ambiguous. A maximum parsimony analysis of the alignable ITS1-sequences of all 27 strains included yielded 100 equally parsimonious trees with 91 steps. A consensus tree was calculated by CONSENSE, constrained into a strict consensus tree and is presented in Fig. 1 . Based on this analysis, the genus Trichoderma can be divided into two main groups, which is weakly supported by bootstrap analysis: group A in turn comprised two clades (A1 and A2), with A1 including T. polysporum, T. piluliferum, and T. minutisporum while A2 included T. hamatum, T. pubescens, and T. strigosum in addition to species previously included in sect. Trichoderma (i.e., T. viride, T. atroviride, and T. koningii; cf. Bissett 1991b) . A2 was well supported by bootstrap analysis. Trichoderma fasciculatum was unique as it formed a separate branch basal to group A. Group B contained most of the other species previously attributed to sect. Pachybasium by Bissett (1991b) , notably including T. harzianum and T. virens. The presence of subclades could be distinguished, yet the respective branches were not supported in bootstrap analysis, and their phylogenetic basis is thus speculative. However, the basal positions of T. harzianum 2 and of T. oblongisporum were weakly supported. Trichoderma section Longibrachiatum may be considered as the fourth group as its monophyly has been shown recently .
Some species clustering within clades A2 and B exhibited identical or almost identical (1-2 nt differences) ITS1-sequences. Two examples of this are H. cf. gelatinosa/T. strictipile, and T. virens/T. flavofuscum (clade B), ITS1-sequences of which were identical, and the two pairs moreover were differentiated only by a single C/T exchange in a generally variable region. The ITS1-sequences of T. crassum and T. longipile (clade B) also differed only by a single nt, whereas those of T. hamatum/T. pubescens (clade A2), T. viride, T. koningii, and T. atroviride (all group A2) and T. croceum/T. fertile (clade B) differed in 2 nt, respectively. Such small nucleotide differences have previously been shown to be characteristic for intraspecific variation within species of sect. Longibrachiatum , and of T. harzianum (Muthumeenakshi et al., 1994) , and the definition of the above named species therefore requires reevaluation. Other species, however, such as T. tomentosum, T. oblongisporum, (group B), T. polysporum, T. minutisporum, and H. pilulifera (clade A1) were characterized by interspecific differences of more than 8 nt. T. oblongisporum always occupied a basal position in clade B.
In order to evaluate whether the grouping pattern obtained on the basis of the ITS1-sequences of the type strains will be a useful frame to identify and align other Trichoderma isolates, we investigated 61 more isolates, most of which had been deposited as Trichoderma spp. belonging to sect. Pachybasium, for their genetic distance. The majority was obtained as T. hamatum and T. harzianum, but where possible at least one isolate in addition to the ex-type strain was investigated for every species. For five species (T. croceum, T. fasciculatum, T. flavofuscum, T. longipile, and T. oblongisporum), the ex-type strains were 
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the only cultures available for this study. Furthermore, although numerous cultures identified as T. koningii are available, the ex-type specimen has been lost and no culture was ever made from it (E. Lieckfeldt and W. Gams, personal communication), thus we omitted further isolates of T. koningii from this study. A phylogenetic tree, based on the genetic distance (Fitch and Margoliash, 1967;  (Fig. 2) , indicates that all isolates fit well into groups A and B, as established by parsimony analysis.
While the alignment of the ITS1-sequences of these 63
FIG. 2.
Topology and genetic distances between all strains of Trichoderma spp. investigated in this study. The tree was obtained with the programs DNADIST, using the Kimura-two parameter method and FITCH of the PHYLIP package (Felsenstein, 1991) . FITCH was set to do global rearrangements with 10 random sequence input orders. T. longibrachiatum as an outgroop. Horizontal branch lengths are drawn to scale and represent the expected number of substitutions. The bar indicates a distance of 0.01 (ϭ 1 base change per 100 nucleotide positions). The respective ex-type strains (parsimony analysis of which is shown in Fig. 1 ) are given by the name only, whereas all other isolates are given by the collection number without species identification. No bootstrap values can be provided, as bootstrapping even with a low number of replicas (100) exceeded the capacity of the available computer.
FIG. 1.
Phylogenetic tree of 27 ex-type strains of Trichoderma sect. Pachybasium and species from Trichoderma sect. Trichoderma inferred by parsimony analysis of ITS1 sequences. The tree shown is based on DNAPARS (PHYLIP) parsimony analysis of ITS1 sequences and is the consensus of 39 most parsimonious trees (generated by CONSENSE), with the constraint of a strict consensus, and requires 91 steps. Sequences obtained during this study are given by their EMBL-numbers in Table 1 . The sequences of T. longibrachiatum and T. harzianum Th2 were taken from published sources Muthumeenakshi et al., 1994) . The sequence of the ex-neotype strain of T. harzianum was communicated by W. Gams and W. Meyer (Gams and Meyer, 1997) . The numbers given over selected branches indicate the percentage of 500 bootstrap resampled data sets supporting the clade to the right of the branch, and are given only for values Ͼ50 (Felsenstein, 1985) . Vertical bars and capital letters specify the two different groups (A, B) and subclades (A 1 , A 2 ) as discussed in the text. Clade C (T. longibrachiatum) is not indicated. The inclusion of strains into sections Pachybasium and Trichoderma by Bissett (1991b) is indicated by vertical empty and full bars, respectively. The alignment of the strains investigated with Rifai's species aggregates (Rifai, 1969 ) is given by symbols (᭝, T. piluliferum; ᭹, T. polysporum; ᭪, T. viride; , T. koningii; ᮀ, T. harzianum; I, T. hamatum; G indicates Gliocladium.) isolates with that of ex-type strains was generally good, the analysis revealed obvious problems in the correct identification of some species, particularly of T. hamatum (cf. ''old'' and ''identified'' species names in Table 1 ). The ex-type strain of T. hamatum, together with T. pubescens and T. strigosum, was characterized as a member of clade A2. Similar results were also obtained for 13 of 26 additional isolates that had been identified as T. hamatum. One isolate obtained as T. strictipile (DAOM 215470) also turned out to be T. hamatum. It is especially noted that the ITS1-sequence of all these isolates was identical, and hence the intraspecific variability within T. hamatum seems to be very low. Cultures identified as T. hamatum on the basis of their morphological similarity to the neotype specimen are common. However, ITS1-sequence results indicate that only 14 of the 27 clustered with the neotype in clade A2. The 13 remaining strains were widely dispersed: 6 isolates yielded sequences falling into the intraspecific variability of T. harzianum/T. inhamatum; 2 isolates clustered in group A1 and were most close to T. minutisporum/T. polysporum, yet did not show absolutely identical sequences; hence since the intraspecific variability of species within clade A1 is not known, we do not know whether these isolates are T. minutisporum, T. polysporum or represent a new species. Two strains exhibited a sequence identical to that of a T. spirale strain from Costa Rica (DAOM 171919), but all differed in 3 nt from that of the ex-type strain of Thailand (DAOM 183074). One strain (TR86) exhibited a sequence identical with that of T. virens/T. flavofuscum and another strain (CBS 961.68) a sequence of T. citrinoviride (sect. Longibrachiatum). Finally, one strain from South Africa (PPRI 3559) yielded a sequence different from any other strain of group B, and this strain clustered in a basal position together with T. oblongisporum. It should be noted that we distinguished several additional ''T. hamatum'' isolates from the T. hamatum ex-type strain by RFLP-analysis of a DNA fragment containing ITS1, 5.8SrDNA, and ITS2 (J. Kindermann and C. P. Kubicek, unpublished results), but did not sequence their ITS1 region. The findings confirm that cultures that conform morphologically to the neotype of T. hamatum are common but are correctly identified only approximately 50% of the time. This high number of obvious misidentifications as T. hamatum is unlikely to merely have resulted from inexperience on the part of the many determiners of the cultures, but rather suggests that the cultural and morphological characteristics of T. hamatum are not sufficiently variable to delimit species. The isolates obtained as T. harzianum matched two of the three patterns of T. harzianum sequences previously observed by Muthumeenakshi et al. (1994) . One of these patterns closely clustered with T. viride/T. atroviride/T. koningii within clade A2; in fact the sequences were indistinguishable from those of T. atroviride, and the conspecificity of these isolates with T. atroviride would also be supported by morphological similarities between T. harzianum sensu Rifai and T. atroviride (Gams and Meyer, 1997) .
Most of the isolates obtained as T. harzianum, however, clustered around the ex-neotype strain (Gams and Meyer, 1997) and T. inhamatum, the ITS1 region of which differ only in 2 nt. However, these 2 nt are located in a variable region of little diagnostic value, which makes a distinction between T. harzianum and T. inhamatum on the basis of ITS-1 sequences doubtful. In fact, several isolates obtained as ''T. harzianum'' showed ITS-1 sequences overlapping T. harzianum and T. inhamatum.
The ITS-1 sequence of the recently observed aggressive mushroom competitor group of T. harzianum strains (Th2; Muthumeenakshi et al., 1994) showed that this strain clustered in a position very distant to other strains of group B. In fact, several related species such as T. fertile, T. croceum, and H. semiorbis were more closely related to T. harzianum/T. inhamatum than to the mushroom pathogenic isolate.
DISCUSSION
In this and in previous papers (Rehner and Samuels, 1996; Kuhls et al., 1996 Kuhls et al., , 1997 ) the sequences of the ITS1-region of most of the accepted species of Trichoderma have been examined. The information provided by these studies has been useful in evaluating the existing taxonomy of Trichoderma and the taxonomic significance of morphological characters.
Our results strongly support Rifai (1969) and Bissett (1991c) in synonymizing Pachybasium with Trichoderma and in including its type species, P. hamatum (Bon.)Sacc., as T. hamatum (Bon.) Bain. Thus, the formation of sterile or apically fertile elongations of conidiophores is not a useful generic criterion in these fungi. Is it useful at any subgeneric level? From Fig. 1 , it can be seen that species that have sterile, or terminally fertile, elongations to their conidiophores are found in all clades, A1, A2, and B. Furthermore, most of these clades includes species that have green conidia along with those that have hyaline conidia and species that have ''botryose'' phialides as well as species that have longer and more divergent phialides (e.g., T. harzianum, T. viride) . Consequently, even though most of the species included by Bissett (1991c) in sect. Pachybasium clustered in clade ''B,'' several other species clustered in divergent groups in the ''A2'' clade. The species that clustered in the ''A2'' clade include T. hamatum, the type species of sect. Pachybasium. At least from the point of view of the ITS1 region, the morphologically homogeneous sect. Pachybasium is paraphyletic. It was surprising to find that T. hamatum appears to be much more closely related to T. viride, T. koningii, and T. atroviride than to other species with which it shares ''Pachybasium'' characters.
There were conflicts between the morphological and ITS1 data at the level of species. The three species from sect. Trichoderma, viz. T. viride, T. koningii, and T. atroviride showed very low sequence variation (0.3-2.0%) and might, for this reason, be taken to be one species. However, each of the three is readily distinguished through conidial ornamentation and conidium morphology. The ITS1 sequences showed that T. hamatum and T. pubescens are very closely related. Bissett (1991c) stated that these species were morphologically similar. The morphological and ITS1 similarities strongly suggest that T. pubescens is a synonym of T. hamatum.
Previous authors noted that isolates obtained as T. hamatum split into groups based on the production of secondary metabolites (Okuda et al., 1982) , isoenzyme analysis (Stasz et al., 1989) , and rDNA sequences . About the half of the cultures identified as ''T. hamatum'' investigated in our study are markedly different from the ex-type strain on genetic grounds. While most of them could be aligned with other Trichoderma species by molecular means, one of them-the isolate PPRI 3559 from South Africa-was unique and may represent an undescribed species.
T. harzianum sensu Rifai has similarly been shown by several authors (Okuda et al., 1982; Fujimori and Okuda, 1994; Muthumeenakshi et al., 1994; Kuhls et al., 1997) to comprise at least two groups. The neotype of T. harzianum (CBS 226.95; Gams and Meyer, 1997) has the same ITS1-sequence as isolates from T. harzianum group I defined by Muthumeenakshi et al. (1994) and as group II by Fujimori and Okuda (1994) . Two of the strains investigated in this study, i.e., DAOM 171424 and DAOM 191108, were cited by Bissett (1991b) as T. harzianum, and they had identical ITS-1 sequences as the neotype strain, suggesting that Bissett's concept of T. harzianum and that of Gams and Meyer (1997) are similar. However, another strain (DAOM 171424) described as T. harzianum in Bissett's (1991b) study differed from the neotype strain (Gams and Meyer, 1997) by 2 nt. Several other isolates investigated in this study showed ITS-1 sequences identical with either the ex-neotype or with DAOM 171424 and clustered together in a well-supported subclade (B a ) also containing T. inhamatum, T. fertile, and T. croceum. The genetic distance among these strains was virtually zero in Fitch-Margoliash analysis, thus suggesting that these strains-despite their distinctive morphological differences-are phylogenetically very closely related. T. inhamatum (Verkamp and Gams, 1983) was synonymized with T. harzianum by Bissett (1991b) . Gams and Meyer (1997) recently concluded that-on the basis of a 2-nt difference in ITS1 and more significant differences in RFLP and RAPD analysis-T. inhamatum is a different species than T. harzianum. In view of the present data, the ITS-1 difference alone would suggest that T. inhamatum is fully contained within the genetic variability of T. harzianum isolates. Given the biotechnical and agricultural importance of T. harzianum, a more detailed investigation of this and closely related species by the aid of more variable molecular characters seems to be warranted.
Strains belonging to T. harzianum group 3 of Muthumeenakshi et al. (1994) , which is similar to group I of Fujimori and Okuda (1994) , are clearly members of sect. Trichoderma. It is probable that they are actually T. atroviride, but owing to the small sequence differences of ITS1 in this clade, it cannot be ruled out at the moment that they constitute a yet further species of this sect. However, owing to the significant genetic distance between group III and the ex-neotype strain of T. harzianum, these are not T. harzianum. Kuhls et al. (1996 Kuhls et al. ( , 1997 recently identified several connections between Trichoderma species from sect. Longibrachiatum and species of Hypocrea on the basis of ITS1-sequence identity. Only three teleomorphic species-H. pilulifera, H. cf. gelatinosa, and H. semiorbiswere included in this study, and on the basis of the ITS1 sequences they do not appear to be closely interrelated among themselves. The ex-type culture of T. strictipile was isolated from ascospores of a Hypocrea species that is morphologically and anatomically very similar to H. cf. gelatinosa and H. aureoviridis Plowr., differing from both of them in having much larger ascospores and a different anamorph. The identity of its ITS-1 sequence with that of H. cf. gelatinosa corroborates this similarity at the genetic level. The two cultures identified as H. semiorbis that we studied differ in the presence of sterile elongations and in conidial morphology and size. The strain GJS 73-48 is morphologically consistent with the type of T. inhamatum, while the strain DAOM 167636 conforms to what Bissett (1991c) described for H. semiorbis. Parsimony analysis of the ITS-1 sequences clustered both isolates of H. semiorbis within the genetic variability of T. harzianum/T. inhamatum (data not shown), yet the sequence of GJS 73-48 was not identical to that of T. inhamatum. Whether either of these is truly H. semiorbis is the subject of continuing research. Trichoderma pilulifera, which was also originally described from cultures derived from ascospores of a Hypocrea (H. pilulifera) occupied an isolated position in clade ''A1.'' The major conclusion from the present study is that morphological and molecular characters tell different stories about species definitions and the interrelationships among species of Trichoderma. The DNA data strongly suggest that the relatively narrow species concepts proposed by Bissett (1991c) for some species such as T. hamatum may still be too broad, whereas the narrow concept of species such as T. viride may be too narrow. These findings indicate that morphological or cultural attributes, such as the sterile conidiophore elongations, their ornamentation, or conidial color-while undoubtedly useful to distinguish isolates-may not reflect true phylogenetic relationships in Trichoderma. At the very least, the division of Trichoderma into sections along morphological lines does not seem to be justified. Similar findings have been reported also with other fungi (Bruns et al., 1989; LoBuglio et al., 1993) and may be indicative of a selective pressure acting on a small number of developmental genes. This is consistent with data from higher organisms and suggests that similar morphological features can be the result of convergent evolution (Thomas et al., 1989) . It is tempting to speculate that the development of sterile elongations may be related to substrate penetration. Another possibility is insect dispersal. The pustules of sect. Pachybasium with masses of conidia and loose hooked hairs are easily dislodged from petri dishes and might also attach to arthropods or nematodes that would naturally inhabit the same substrates. It is clear that in such a case, the species concept needs reassessment and this has to combine both morphological as well as molecular characters.
